Introduction
Global mean air temperature has increased by 0.6 °C over the last century and is expected to increase by a further 1.0-3.7 °C by the end of the 21st century (IPCC, 2013) . Studies on the response of trees and forest ecosystems to increases in temperature are important because forests account for more than 45% of terrestrial carbon storage and have a feedback effect on climate change (Bonan, 2008) . Although a number of relevant studies have been conducted, the response of trees to warming varies between reports and little consensus has been reached (Way and Oren, 2010) . Several studies suggest that the response of trees to temperature rise differs among species or even by provenance, rather than biome or a broader group (Arend et al., 2011; Fisichelli et al., 2014) . Therefore, investigations into the species-specific response of trees to increases in temperature are required to enable predictions of change in forest ecosystems under future climates.
The seedling stage is important and critical for tree survival and competition, and the responses of seedlings to environmental stress change with age (Zolfaghari et al., 2013) . Furthermore, there are more studies on seedlings than on mature trees, because the former are more accessible and permit the effects of warming to be examined with relative ease (Chung et al., 2013) . In particular, the first-year seedling phase is vulnerable and critical in tree regeneration (Fenner, 2000) ; therefore, research on the effects of temperature rise on the first-year seedling stage is necessary.
Seedling growth under warming is balanced between increased growth following an extended growing period and a higher photosynthetic rate, and decreased growth due to frost damage and higher autotrophic respiration (Saxe et al., 2001) . In biochemical models, the net photosynthetic rate also increases with temperature rise through increases in pigment content, and the responses to warming have been found to vary between species and environments (Kirschbaum, 2000; Saxe et al., 2001; Way and Oren, 2010) . On the other hand, biomass allocation is an adaptive strategy to warming, allowing a trade-off between higher transpiration rate and water stress. Thus, organ-specific responses to warming are also important (Domisch et al., 2002) .
Open-field experimental warming is an effective method to examine the ecosystem responses to temperature rise with minimal confounding effects (Chung et al., 2013) and to temperature ranges higher than those of past observations (Saxe et al., 2001 ). However, relatively few studies have been conducted in forest ecosystems (Wu et al., 2011) . Although previous studies have reported various effects of warming on tree growth and photosynthesis, metaanalyses showed that, overall, warming increased tree growth and net photosynthetic rate (Wu et al., 2011; Chung et al., 2013 ).
In the current study, we examined the responses of first-year seedlings of 4 common coniferous species found in Far East Asia, including Korea (Pinus densiflora, Pinus koraiensis, Abies holophylla, and Abies koreana), to a rise in temperature of 3 °C in an open-field experiment. Specifically, we investigated the growth response in root collar diameter (RCD), seedling height, seedling height to root collar diameter ratio (H/D ratio), leaf area, and specific leaf area (SLA), and photosynthetic responses in net photosynthetic rate and pigment contents under warming. The aim of this study was to test the following hypotheses: 1) seedling growth, net photosynthetic rate, and pigment content increase following experimental warming, and 2) these increases are species-dependent.
Materials and methods

Experimental setup
An open-field experimental warming system using infrared heaters (FTE-1000, Mor Electric Heating Association, USA) was designed and built at a nursery in the Forest Practice Research Center, Korea Forest Research Institute, Pocheon, Korea, in October 2011 (Figure 1 ). Long-term (1981 Long-term ( -2010 mean annual air temperature and precipitation for this area are 11.2 °C and 1335 mm, respectively. The experimental warming system consisted of 3 modules: heating, controlling, and monitoring. The air temperature difference between the control and warmed plots (1 × 1 m, n = 12) was monitored using infrared temperature sensors (SI-111, Campbell Inc., USA) and data loggers (CR-3000, Campbell Inc.) and was controlled by a relay based on the temperature measured simultaneously in both plots. Soil temperature and soil moisture content of the control and warmed plots were monitored using 5TM (Decagon, USA). The air temperature in the warmed plots was regulated at 3.02 °C higher than that in the control plots, and the difference in mean soil temperature between control and warmed plots was 3.78 °C. Mean soil moisture content in the warmed plots was lower than that in the control plots by 3.25%.
Measurements of growth and photosynthetic responses
P. densiflora is a drought-tolerant coniferous species inhabiting secondary forests in the temperate climate of Korea, Japan, and northeastern China, and P. koraiensis is a climax coniferous species found in the cold-temperate zones of Korea, northeastern China, and Siberia (Box, 1995) . A. holophylla is found in Korea, far northeastern China, and far eastern Russia, and it is rarely observed in Korea, where it can be found on isolated mountains (Farjon and Filer, 2013) . A. koreana is a rare species with a small population in Korea that is isolated on mountain summits (Farjon and Filer, 2013) . The latitudinal distribution of the 4 studied species (P. densiflora, P. koraiensis, A. holophylla, and A. koreana ) is similar; however, the southern limit of P. koraiensis is further north compared to that of the other species, and the altitudinal distribution of A. koreana is higher than that of the other species (Vidaković, 1991 ) were each planted in the sandy loam soil of a 1 × 1 m plot nursery bed (n = 3) in April 2012. RCD and seedling height of 45 seedlings in each plot were measured monthly from June to October 2012, except for A. koreana. Seed germination of A. koreana occurred later than in the other species; therefore, it was not possible to measure RCD and seedling height in June. Six seedlings per plot were harvested in August 2012. The needles, stem, and roots of the seedlings were separated, and all samples were oven-dried to a constant mass at 65 °C for 48 h and were then weighed. Based on biomass measurements, the total biomass, root weight to total biomass ratio (RMR), root to needle ratio (RNR), and root to shoot ratio (RSR) were calculated for each seedling. The leaf area of each seedling was determined using an Epson Perfection 4990 digital scanner (Epson, Japan) and Winseedle software (Regent Instruments, Canada). Specific leaf area (SLA, cm 2 g -1 ) was calculated from the measured leaf area and the leaf biomass.
Net photosynthetic rate of seedlings (n = 9) was measured using a hand-held CI-340 photosynthesis system (CID Bio-Science, USA) in August 2012. Measurements were made between 0900 and 1100 hours at photosynthetic photon flux density maintained at 1000 ± 10 µmol m -2 s -1 using an LED light module (CI-301LA, CID Bio-Science). After measurements were made, needles from each seedling were sampled to measure the leaf area, chlorophyll, and carotenoid contents. The leaf area-based net photosynthetic rate was calculated from the leaf area measurement and net photosynthetic rate data. Chlorophyll a and b, total chlorophyll, and carotenoid contents were measured with the dimethyl sulfoxide extraction method (Hiscox and Israelstam, 1979; Barnes et al., 1992) .
Statistical analysis
Differences in RCD, seedling height, biomass, leaf area, SLA, net photosynthetic rate, and pigment contents between the control and warmed plots were analyzed using analysis of variance. Normality and variance of homogeneity were calculated by the Shapiro-Wilk test and Bartlett test, respectively. Means were compared by Duncan test at a level of 5%. Statistical analyses were performed using SAS 9.3 (SAS Institute, USA).
Results
The response of RCD and seedling height to experimental warming varied with species and month (Figure 2 ). The RCD of P. densiflora under warming significantly increased by 13% and 6% in September (control: 1.74 mm; warmed: 1.97 mm) and October (control: 1.65 mm; warmed: 1.76 mm), respectively, and the seedling height of P. densiflora was higher only in October (control: 6.20 cm; warmed: 6.56 cm). The RCD and seedling height of P. densiflora decreased following warming only in July and this decrease in RCD and seedling height by warming was recovered in October. The RCD of P. koraiensis was lower following warming only in June (control: 1.83 mm; warmed: 1.70 mm), and the seedling height of P. koraiensis increased under warming both in June (control: 2.13 cm; warmed: 2.23 cm) and in October (control: 4.47 cm; warmed: 4.84 cm). Similar to P. koraiensis, the RCD of A. holophylla was significantly lower in warmed plots both in June (control: 1.08 mm; warmed: 1.05 mm) and in July (control: 1.05 mm; warmed: 0.96 mm). However, the RCD difference between control and warmed plots was not significant in August. On the other hand, the seedling height of A. holophylla increased following warming in all months except July (control: 1.05 mm; warmed: 0.96 mm). Compared to the other species, RCD and seedling height of A. koreana showed inconsistent responses to warming.
The H/D ratio was higher in June for P. densiflora, P. koraiensis, and A. holophylla under warming and showed significantly different responses among species from July (Figure 2 ). Needle, aboveground, and total biomass of P. densiflora significantly increased by 65% (control: 1.25 g; warmed: 2.06 g), 41% (control: 1.92 g; warmed: 2.78 g), and 45% (control: 2.49 g; warmed: 3.52 g) following warming, respectively (Table 1) . Stem (control: 0.06 g; warmed: 0.05 g) and aboveground biomass (control: 0.72 g; warmed: 0.68 g) of P. koraiensis were lower and needle biomass (control: 1.25 g; warmed: 2.07 g) of A. holophylla was higher in the warmed plots. However, the total biomass of the other 2 species did not change by warming treatment. Apart from differences in biomass allocation, warming did not alter the pattern of biomass partitioning; RNR, RSR, and RMR were unaffected by the warming treatment.
Similar to the response of needle biomass to warming, leaf area for P. densiflora also increased significantly by 28% (Table 3 ). Both Abies seedlings did not show significant differences in pigment content between control and warmed plots. Carotenoid contents were unaffected by warming in the 4 study species. 
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Discussion
Growth responses
In previous experimental warming studies, growth responses in terms of RCD, seedling height, and total biomass to warming varied with tree species, ontogenetic stages, functional groups, provenances, and biomes (Wang et al., 1995; Tjoelker et al., 1998; Arend et al., 2011; Fisichelli et al., 2014) . In addition to the inherent characteristics, environmental factors such as nutrient availability, light intensity, and competition (Yin et al., 2008; Zhao and Liu, 2009b; Way and Oren, 2010) also indirectly affect growth responses under higher temperature conditions. Differences in seedling growth following warming among the 4 species used in this study might be due to species-specific responses, because other environmental factors did not differ; the light intensity of the plots was maintained similarly by using dummy heaters in control plots, and seedling density was managed in all plots through thinning. Although many studies reported different growth responses in various species, little is known about the causes and trends of species-specific growth responses. Fisichelli et al. (2014) reported that temperate and boreal coniferous species showed a similar increment in growth to temperature increase, comparing the growth responses of 3 boreal coniferous species (Abies balsamea, Picea glauca, and Pinus banksiana) to 3 temperate coniferous species (Pinus resinosa, Pinus strobus, and Tsuga canadensis) under warming. Saxe et al. (2001) also noted that growth responses to temperature are related at a species or provenance level, but not at a broader genetic level. Consistent with the different growth responses observed among species in this study, other species of the genera Pinus and Abies showed different growth responses following warming (Wang et al., 1995; Tjoelker et al., 1998; Zhao and Liu, 2009a; Wang et al., 2012; Yang et al., 2013) . While RCD, seedling height, and total biomass of first-year P. densiflora increased under warming in this study, those of 2-4-year-old P. densiflora were not found to differ in response to warming in a previous study (Lee et al., 2013) . This discrepancy might result from the effect of the growth stage and ontogenetic drift (Saxe et al., 2001) . Stimulation of growth under warming is often limited to an initial growth period with no effect on long-term growth, because of adaptation to the conditions (Saxe et al., 2001; Bronson and Gower, 2010) .
On the other hand, the H/D ratio was reported to increase under warming (Saxe et al., 2001) , and this is related to the mechanical stability of seedlings. Therefore, the H/D ratio might affect the survival rate of seedlings (Moore et al., 2008) . The H/D ratio of the 4 coniferous species in this study did not show a consistent change during the observation period following warming.
Compared to the other species, however, the H/D ratio of A. holophylla was higher in the warmed plots than in the control plots, and the survival rate was significantly decreased following warming (Cho et al., 2014) .
Biomass allocation is important in terms of adaptation to environmental changes (Domisch et al., 2002) , and the aboveground to belowground biomass ratio can represent an adaptive strategy to warming, balancing water absorption through the root system and water loss by evapotranspiration. In previous studies, changes in the aboveground to belowground biomass ratio in response to warming varied (Zhao and Liu, 2009a; Liu et al., 2011; Wang et al., 2013) . In this study, biomass allocation did not change following warming; however, needle biomass of P. densiflora and A. holophylla and stem and aboveground biomass of P. koraiensis were increased by warming. Similarly, leaf area increased for P. densiflora and A. holophylla and SLA decreased for P. koraiensis. Characteristics related to carbon acquisition, such as SLA and total leaf area, are known to directly affect growth rate. Therefore, increased leaf production has been reported to affect the increase in total biomass (Piper et al., 2013) . However, in this study the higher needle biomass in warmed plots resulted in higher total biomass only for P. densiflora and not for A. holophylla. This difference might be due to the effect of soil moisture stress on the growth of A. holophylla under warming, since A. holophylla is droughtsensitive compared to the other species (Semerikova et al., 2011) . In this study, the average soil moisture content of warmed plots from March to October 2012 was lowered by 9.6% (control: 8.95 cm 3 cm -3
; warmed: 8.16 cm 3 cm -3
). Therefore, soil moisture stress might affect the decrease in growth of A. holophylla.
Changes in RCD, seedling height, and H/D ratio were observed throughout the observation period. Although seasonal changes were not consistent for each species, differences between control and warmed plots in RCD of A. holophylla and in seedling height of P. koraiensis decreased in the autumn. However, those in RCD of P. koraiensis increased in the autumn. The decreased response during this season might be due to the acclimation of seedlings, and an increased response might result from a delay in the timing of growth cessation (Saxe et al., 2001; Han et al., 2014) . Late growth cessation could affect frost hardening, growth, and survival in the following year, thus affecting subsequent growth responses.
Photosynthetic responses
Photosynthetic responses to temperature elevation are related to changes in physiological characteristics, including pigment content, light-saturated photosynthetic rate, apparent quantum yield or photochemical efficiency, and photoinhibition (Saxe et al., 2001) . In this study, the total chlorophyll content increased only in P. densiflora and P. koraiensis in warmed plots compared to the control plots, and the net photosynthetic rate of P. densiflora significantly increased, whereas that of P. koraiensis tended to increase (Figure 3) . The increase in pigment content is due to higher levels of pigment synthesis under favorable temperature; therefore, this might indicate the range of temperature increase favored by each species (Yin et al., 2008) . Changes in chlorophyll contents attributed to net photosynthetic rate were also found in Picea asperata and Abies faxoniana (Yin et al., 2008; Han et al., 2009) , and they differed depending on species and light conditions (Yin et al., 2008; Han et al., 2009; Zhao and Liu, 2009a) . Carotenoids protect chlorophyll from photooxidative degradation, and previous studies reported various changes in carotenoid contents following warming (Han et al., 2009; Zhao and Liu, 2009; Han et al., 2012) .
Responses of the net photosynthetic rate to warming also varied among species, ontogenetic stage, density, and light conditions (Wang et al., 1995; Bronson and Gower, 2010; Wertin et al., 2011; Xu et al., 2012; Chung et al., 2013) . In addition to the effect of physiological characteristics, the net photosynthetic rate is affected by the autotrophic respiration rate, water stress, and acclimation (Saxe et al., 2001; Way and Oren, 2010) . Change in the net photosynthetic rate may not directly affect the growth of seedlings (Saxe et al., 2001) ; however, the relationship between net photosynthetic rate and growth has been reported in several studies (Tjoelker et al., 1998; Yin et al., 2008; Zhao and Liu, 2009b; Way and Oren, 2010; Xu et al., 2012) . Although the growth responses of the 4 coniferous species in this study varied in terms of RCD response, seedling height, and biomass, all traits relating to seedling growth of P. densiflora increased following warming compared to the other species. An increase in the net photosynthetic rate might affect the increase in growth.
The current study demonstrates how the growth and photosynthetic response of 4 coniferous seedlings are affected by warming. Warming effects on growth and photosynthesis were pronounced for P. densiflora in terms of RCD, seedling height, total biomass, net photosynthetic rate, and chlorophyll content. Although the effect on the H/D ratio of the 4 coniferous seedlings under warming was inconsistent throughout the observation period, speciesspecific responses were evident. In addition, seasonal changes in growth were observed in all species, which might be due to acclimation and phenological change. This study suggests that growth responses vary according to species and season, and these changes might be affected by the altered net photosynthetic rate, pigment content, SLA, and phenology of seedlings. The species-specific responses of the 4 coniferous seedlings to warming observed in this study might be used to estimate the growth and distribution of those species following future temperature increase.
